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Edited by Hans EklundAbstract Irrespective of their pyridine nucleotide speciﬁcity, all
glutamate dehydrogenases share a common chemical mechanism
that involves an enzyme bound ‘iminoglutarate’ intermediate.
Three compounds, structurally related to this intermediate, were
tested for the inhibition of puriﬁed NADP-glutamate dehydro-
genases from two Aspergilli, as also the bovine liver NAD(P)-
glutamate dehydrogenase. 2-Methyleneglutarate, closely
resembling iminoglutarate, was a potent competitive inhibitor
of the glutamate dehydrogenase reaction. This is the ﬁrst report
of a non-aromatic structure with a better glutamate dehydroge-
nase inhibitory potency than aryl carboxylic acids such as iso-
phthalate. A suitably located 2-methylene group to mimic the
iminium ion could be exploited to design inhibitors of other ami-
no acid dehydrogenases.
 2007 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Glutamate dehydrogenase (GDH) catalyzes a key reaction
at the crossroads of carbon and nitrogen metabolism. GDHs
from several sources/organisms have been extensively charac-
terized [1,2]. They are grouped into NAD-speciﬁc (EC
1.4.1.2), NADP-speciﬁc (EC 1.4.1.4) and dual [NAD(P)]-spe-
ciﬁc (EC 1.4.1.3) forms based on which pyridine nucleotide
can serve as the substrate. Regardless of their coenzyme spec-
iﬁcity, all GDHs share a common chemical mechanism that in-
vokes a bound ‘iminoglutarate’ intermediate [3–6].
Several attempts to rationalize and generate eﬃcient inhibi-
tors of glutamate dehydrogenase reaction were made [7–12].
The literature is partial to inhibition of NAD-GDH and
mostly conﬁned to in vitro inhibition [11,13,14]. During our
quest for an in vivo inhibitor of Aspergillus niger NADP-
GDH, besides isophthalate, 2-methyleneglutarate was identi-
ﬁed as an eﬀective non-aromatic inhibitor [2].2-Methyleneglutarate
O
OO
O
CH2*Corresponding author. Fax: +91 022 2572 3480.
E-mail address: nsp@iitb.ac.in (N.S. Punekar).
0014-5793/$32.00  2007 Published by Elsevier B.V. on behalf of the Feder
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was compared. Results presented here indicate that 2-methyl-
eneglutarate promises to be a potent non-aromatic competitive
inhibitor of glutamate dehydrogenase reaction in general.2. Materials and methods
2.1. Reagents and organisms
A. niger (NCIM 565) and Aspergillus terreus (NCIM 656) were ob-
tained from NCIM at NCL, Pune, India. Bacillus subtilis 168 was from
BGSC, OH, USA. Bovine GDH was purchased from Boehringer
Mannheim, GmbH Germany. Reduced and oxidized pyridine nucleo-
tides were from Roche, USA. 2-Methyleneglutarate was synthesized in
house as mentioned before [2]. All other chemicals were of analytical
grade and were purchased from Sigma or from local suppliers.
2.2. Enzyme sources
GDHs from Aspergilli: NADP-GDH activities from A. niger and A.
terreus were extracted from their respective fungal mycelia grown on
minimal media. A. niger NADP-GDH was puriﬁed essentially accord-
ing to Noor and Punekar [2] using a dye-aﬃnity matrix followed by a
DEAE-Sephacel chromatography step. The homogeneous A. terreus
enzyme was however obtained by a combination of two dye-aﬃnity
resins while using similar buﬀers and characterized (MS under prepa-
ration). NAD-GDH from A. niger was best expressed in 50 mM L-pro-
line grown mycelia. The enzyme was extracted as reported [15] and
used directly.
Bovine liver GDH: The enzyme, obtained as a glycerol solution
(120 U per mg protein), was used without any further processing.
B. subtilis cells grown on minimal media containing L-alanine were
extracted for alanine dehydrogenase activity as reported [16]. The stan-
dard reaction mixture (1.0 ml) contained 100 mM Tris/HCl, pH 9.3,
0.2 mM NAD+ and 4.0 mM L-alanine. The oxidative deamination
activity was monitored by starting the reaction with NAD+.
Extraction and estimation of S. cerevisiae glutamate synthase activ-
ity was according to Romero et al [17]. A. niger mycelia grown on min-
imal media were also used for extraction and assayed similarly.
Protein was estimated [18] using bovine serum albumin as a reference.
An all the cases an enzyme unit corresponds to one lmol of product
formed per min and speciﬁc activity is deﬁned as U per mg protein. Spe-
ciﬁc activities of the enzymes used corresponded to 64 U mg1 for
NADP-glutamate dehydrogenase (A. niger), 43 U mg1 for NADP-glu-
tamate dehydrogenase (A. terreus), 3.7 U mg1 for NAD-glutamate
dehydrogenase (bovine liver), 0.42 U mg1 for NADP-glutamate dehy-
drogenase (bovine liver) and 0.47 U mg1 for NAD-alanine dehydroge-
nase (B. subtilis), in their respective standard assays (see below).
2.3. Enzyme kinetic assays
All enzyme activity measurements were made at the ambient temper-
ature of 28 C. One unit of activity corresponds to the amount of en-
zyme required to reduce/oxidize 1 lmol of the corresponding pyridine
nucleotide min1. In all the kinetic measurements, suﬃcient enzyme
was added to give a change in A340 of 0.1–0.2 min
1. The reaction
was carried out for 2–3 min and rates were obtained from the initial
linear portion of the curves. For Ki determinations, various ﬁxed con-
centrations of individual inhibitor were included in the deamination
reaction while varying L-glutamate.ation of European Biochemical Societies.
050
100
0
50
100
A. terreus NADP-GDH 
A. niger NADP-GDH
R
es
id
ua
l a
ct
iv
ity
 (%
) 
2734 R. Choudhury, N.S. Punekar / FEBS Letters 581 (2007) 2733–2736The following standard assay conditions were used unless otherwise
mentioned. Reductive amination by GDH was followed with an
appropriate amount of enzyme protein in a reaction mixture (1.0 ml)
containing 100 mM Tris/HCl, pH 8.0, 10 mM NH4Cl, 10 mM 2-oxo-
glutarate and 0.1 mM NADH (or NADPH). The reaction was rou-
tinely started by the addition of NADH/NADPH. For oxidative
deamination activity the reaction mixture (1.0 ml) contained 100 mM
Tris/HCl, pH 9.3, 0.4 mM NAD+ (or NADP+) and 100 mM L-gluta-
mate. This reaction was started by the addition of NAD+/NADP+.
Bovine GDH, with dual speciﬁcity, oxidatively deaminates gluta-
mate with either NAD+ or NADP+. Accordingly, this activity was
monitored (in 1.0 ml) containing either one of these pyridine nucleo-
tides (at a ﬁnal concentration of 0.2 mM) but at pH of 8.0; the reaction
was started by addition of enzyme. The reductive amination was fol-
lowed as reported earlier [19].
2.4. Statistical treatment and analysis of data
Enzyme kinetic data presented are typical reproductions of at least
three independent experiments and the data were analyzed and plotted
as Lineweaver–Burk plots using the enzyme kinetics software Sigma-
Plot (version 9.0). Data corresponding to competitive (full) inhibition
was ﬁtted to the equation v = VmaxS/[Km(1 + I/Ki) + S]. For mixed
inhibition, the equation v = VmaxS/[Km(1 + I/Ki) + S(1 + I/aKi)] was
used as the b value was insigniﬁcant. A correlation coeﬃcient of 0.98
or higher was always obtained for these data. Experimentally deter-
mined values are presented as points, while the lines represent best-ﬁts
of these data.0
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Fig. 1. Inhibition of Aspergillus GDH activities. Varying concentra-
tions of 2,4-pyridinedicarboxylate (.), isophthalate (d) and 2-meth-
yleneglutarate () were included in the corresponding standard
reductive amination assays.3. Results and discussion
A survey of the literature on inhibitors of GDH pointed out
isophthalate and a few structurally related aromatic acids as
potentially important compounds [7,9–11]. Isophthalate was
by far the most eﬀective inhibitor of both NAD-GDH
[11,13,14] and NAD(P)-GDH [7,9,10]. From an earlier screen
isophthalate, 2-methyleneglutarate and 2,4-pyridinedicarboxy-
late were identiﬁed as signiﬁcant inhibitors of allosteric
NADP-GDH from Aspergilli [2]. Of these, 2-methylenegluta-
rate is the ﬁrst non-aromatic inhibitor comparable and better
than isophthalate in its potency. Owing to its close structural
resemblance to 2-oxoglutarate (GDH substrate) and ‘imino-
glutarate’ (enzyme bound reaction intermediate), 2-methylene-
glutarate was expected to be an eﬀective inhibitor of all GDHs.
A comparative inhibition study was undertaken with four dis-
tinct GDH enzyme forms to evaluate this possibility. These in-
cluded an allosteric NADP-GDH (from A. niger), a
Michaelian NADP-GDH (from A. terreus), a catabolic
NAD-GDH (from A. niger) and the well studied dual pyridine
nucleotide speciﬁc bovine liver GDH.
In the reductive amination assay, all the four GDH activities
were inhibited by 2-methyleneglutarate at least as eﬀectively as
isophthalate (Fig. 1). However, the A. niger NAD-GDH was
relatively less sensitive to all the three inhibitors tested. For a
detailed inhibition analysis with the other three GDHs, the
deamination reaction was followed for two reasons: (a) this
circumvented the complicated sigmoid 2-oxoglutarate satura-
tion of A. niger NADP-GDH and (b) deamination was always
more sensitive to these inhibitors. All the three inhibitors
(isophthalate, 2-methyleneglutarate and 2,4-pyridinedicarb-
oxylate) were complete and competitive inhibitors of NADP-
GDHs from A. niger and A. terreus as well as both
NAD- and NADP-dependent activities of the bovine liver
enzyme. Representative competitive inhibition patterns with
L-glutamate for the bovine liver GDH (with NADP+) are
shown in Fig. 2. The nature of inhibition was same regardlessof whether NAD+ or NADP+ was used for deamination. Rel-
ative strengths of inhibition, as reﬂected in their Ki values, are
summarized in Table 1. It is obvious that 2-methyleneglutarate
is an excellent competitive inhibitor (with varied glutamate) of
all the three GDHs and in fact is better than isophthalate in
most cases. Suitability of 2-methyleneglutarate as a potential
A. niger NADP-GDH inhibitor in vivo, is now under consid-
eration.
The mammalian (bovine liver) GDH is very well character-
ized for its interactions with a slew of inhibitors that are com-
petitive with glutamate. These include a few linear molecules
[8] as well as a dead-end inhibitor [19,20]. Inhibition is known
to remain competitive with either NAD+ or NADP+ as the
coenzyme [9] and NAD+ increased the aﬃnity of inhibitor
for the enzyme in comparison with NADP+ [8]. Our isophtha-
late inhibition results (Table 1) reconﬁrm this observation and
2-methyleneglutarate inhibition also followed the same pat-
tern. Although a non-aromatic, linear molecule, 2-methylene-
glutarate was however about 100 times more potent than
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Fig. 2. Kinetics of bovine liver GDH inhibition. L-Glutamate satura-
tion of NADP-dependent activity in the presence of diﬀerent ﬁxed
concentrations of 2,4-pyridinedicarboxylate (0, 2, 5 and 10 mM),
isophthalate (0, 2, 5 and 10 mM) or 2-methyleneglutarate (0, 0.2, 0.5
and 0.8 mM) was performed. Respective Ki values obtained from
corresponding slope replots are listed in Table 1.
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bromofuroic acid, the strongest competitive inhibitor of bo-
vine liver GDH reported to date [7,9].Table 1
Competitive inhibition of glutamate dehydrogenase activities
GDH a from Ki in lM (competition with L
Isophthalate
Aspergillus niger (NADP+) 6.9
Aspergillus terreus (NADP+) 250
Bovine liver (NAD+) 475
Bovine liver (NADP+) 3100
aThe coenzyme used for assay in each case is shown in brackets.The two better studied linear molecules that inhibit bovine
GDH are oxalylglycine and glutarate [19,21]. Only oxalylgly-
cine inhibition of the reductive amination activity is reported;
Oxalylglycine acts as a dead-end inhibitor of GDH and com-
petes with 2-oxoglutarate [19]. 2-Methyleneglutarate showed
mixed (full) inhibition (Ki, 99 lM and a = 2.3) when tested
against 2-oxoglutarate. It thus appears that 2-methylenegluta-
rate also binds an enzyme form other than that to which 2-
oxoglutarate binds. The mechanism of 2-methyleneglutarate
inhibition being distinct from that of oxalylglycine, a more de-
tailed kinetic study is in order.
An ‘iminoglutarate’ intermediate is also proposed in the
reaction mechanism of glutamate synthase (EC 1.4.1.13), an
enzyme with an ammonia tunnel [22]. When tested, isophtha-
late (up to 10 mM) did not inhibit NAD-glutamate synthase
activity of A. niger and S. cerevisiae (not shown). It is however
possible that the site of ‘iminoglutarate’ formation in gluta-
mate synthase is not accessible to GDH inhibitors like isophth-
alate.
Isophthalate or its derivatives have by far been the most
eﬀective inhibitors by competing with L-glutamate for binding
to GDH. Apart from GDHs characterized in this study, iso-
phthalate competitively inhibits NAD-GDH from N. crassa
(Ki of 61 lM) [13], A. nidulans (Ki of 8 lM) [14] and the pea
leaf (Ki of 520 lM) [11]. Attempts to rationalize the structural
basis for this competitive inhibition have taken into account,
(i) the presence of two carboxylate groups 7.5 A˚ apart [7] (ii)
de-solvation of the ‘central atom’ [8–10] and (iii) planarity of
the molecule [7]. 2-Methyleneglutarate scores highly on all
these counts and closely resembles the enzyme bound ‘imino-
glutarate’ intermediate. Semi-empirical calculations (using
Gaussian 98) indicate that the two carboxylates of 2-methyl-
eneglutarate are optimally separated. The remarkable catalysis
by GDH has been ascribed to the opposing interactions of the
iminium ion (C@NHþ2 ; positively charged N) and carbonyl
(C‚O; partially negatively charged O) group with the sur-
rounding enzyme active site environment [23]. Better interac-
tion with 2-methyleneglutarate (with its uncharged C‚CH2
functionality) at this pocket may account for its eﬃcacy as a
good GDH inhibitor.
While the speciﬁcity is largely deﬁned by the acid substrate,
the mechanistic detail involving a bound iminium intermediate
remains common to most amino acid dehydrogenases [5]. On
extrapolation and encouraged by our results with 2-methylene-
glutarate, methacrylate was predicted to inhibit L-alanine
dehydrogenase [24] reaction. This possibility was tested with
B. subtilis alanine dehydrogenase and conﬁrmed (Fig. 3).
Methacrylate [H2C‚C(CH3)COOH] competed with L-alanine
for alanine dehydrogenase with a Ki of 268 lM. As expected,
methacrylate did not inhibit GDH reaction. We suggest that
a suitably located 2-methylene group, to mimic the iminium-glutamate)
2-Methyleneglutarate 2,4-Pyridinedicarboxylate
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Fig. 3. Inhibition of L-alanine dehydrogenase by methacrylate. Vary-
ing concentrations of methacrylate were included in the respective
oxidative deamination assays for B. subtilis alanine dehydrogenase ()
and bovine liver GDH ().
2736 R. Choudhury, N.S. Punekar / FEBS Letters 581 (2007) 2733–2736ion, could be exploited to design inhibitors of other amino acid
dehydrogenases as well.
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